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Abstract
Variation on bacterial communities living in the phyllosphere as epiphytes and endophytes has been attributed to plant host
effects. However, there is contradictory or inconclusive evidence regarding the effect of plant genetics (below the species’ level)
and of plant tissue type on phyllosphere bacterial community assembly, in particular when epiphytes and endophytes are
considered simultaneously. Here, both surface and internal bacterial communities of two olive (Olea europaea) cultivars were
evaluated in twigs and leaves by molecular identification of cultivable isolates, with an attempt to answer these questions.
Overall, Proteobacteria, Actinobacteria and Firmicutes were the dominant phyla, being epiphytes more diverse and abundant
than endophytes. Host genotype (at cultivar level) had a structuring effect on the composition of bacterial communities and, in a
similar way, for both epiphytes and endophytes. Plant organ (leaf vs. twig) control of the bacterial communities was less evident
when compared with plant genotype and with a greater influence on epiphytic than on endophytic community structure. Each
olive genotype/plant organ was apparently selective towards specific bacterial operational taxonomic units (OTUs), which may
lead to specific feedbacks on fitness of plant genotypes. Bacterial recruitment was observed to happen mainly within epiphytes
than in endophytes and in leaves as comparedwith twigs. Such host specificity suggested that the benefits derived from the plant–
bacteria interaction should be considered at genetic levels below the species.
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Introduction
The phyllosphere (a sensu lato term applied for describing the
aerial parts of plants) has been recognized to be an important
habitat for a myriad of microorganisms [1]. One of the major
groups of microorganisms inhabiting this habitat, either in
terms of diversity or abundance, is bacteria [2, 3]. They may
live on the surface (generally referred as epiphytes) and/or
inside (endophytes) the plant tissues [4], setting up complex
microbial interactions with great impact for plant growth and
productivity [5, 6].
Previous studies have demonstrated that different environ-
mental and plant-dependent factors, such as host species and
plant organ, contribute to the shaping of bacterial communities
in the phyllosphere [7–9]. Most of these studies have focused on
those bacteria associated to the phyllosphere of specific host
species [10–12]. The variation in bacterial community composi-
tion among different genotypes from the same species has been
generally overlooked. Although rare, such studies have been
often limited to temperate forests [12, 13] or horticultural species
[14, 15], often with contradicting results. For instance, Hunter
et al. [14] detected differences in leaf bacterial community com-
position among lettuce varieties, whereas Rastogi et al. [15] did
not find such differences. In addition, most of these previous
studies have focused exclusively in epiphytes [10–13, 15].
Studies focusing on both epiphytic and endophytic communities
are scarcer and provided limited insights into the forces shaping
both bacterial communities in the phyllosphere [8, 14]. The epi-
phytic community is faced with a poor nutrient and variable
environment, characterized by the permanent changes of
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temperature, humidity and radiation [1]. The endophytic com-
munity, on the other hand, resides within a more stable environ-
ment compared with epiphytes, being the defense response of
host plant the main challenge that they would probably need to
face [16]. There are few comparisons of epiphytic and endophyt-
ic phyllosphere bacterial communities, especially comparisons
using the same plant material. Such studies performed either on
Arabidopsis thaliana [8] or lettuce [14] leaves indicated that
bacterial epiphytes were more diverse and abundant than endo-
phytes. If both bacterial communities inhabiting the phyllosphere
are shaped by the same or different factors, or if the importance of
shaping factors changes according to the plant organ remains to
be elucidated.
Here, we characterize and compare the assembling of bac-
terial epiphytes and endophytes associated to leaves and twigs
of two olive tree cultivars. Olive (Olea europaea L.) is a typ-
ical tree of the Mediterranean Basin [17], where around 95%
of the world olive crop area is located [18]. Mediterranean-
climate, characterized by severe water deficits in summer and
abundant water in winter when temperatures and light are low
[19], can be an extreme habitat for phyllospheric microorgan-
isms. The natural characteristics of these Mediterranean-
climate ecosystems make them highly interesting for studying
phyllosphere microbial adaptations [20]. Climate change sce-
narios foresee temperatures increases in many Mediterranean
regions [21], revealing the importance of such studies. Most
research on olive tree phyllosphere microbiota has mainly
focused on fungal communities, either exclusively on endo-
phytic [22–25] or both endophytic and epiphytic populations
[26]. As far as we know, there are only one study focusing on
archaeal and bacterial diversity in olive tree phyllosphere [27].
Using olive tree growing in Mediterranean-climate ecosys-
tem, the present work seeks to answer the following questions:
(i) How do bacterial communities differ in diversity and com-
position between two host genotypes (at cultivar level) and
two plant organs (leaves and twigs)? (ii) Does host genotype
(at cultivar level) and plant organ affect the assembling of
endophytic and epiphytic bacterial communities in a similar
way? (iii) Can we determine indicator communities associated
with cultivar and plant organ? The bacterial communities
structure in olive tree phyllosphere was determined using a
culture-dependent approach (followed by the identification
of rRNA 16S barcodes) foreseeing a possible application of
those microbiota on future interaction studies.
Materials and Methods
Study Site and Sample Collection
Sampling was performed from September to October 2015, in
three olive orchards located in Mirandela, Portugal, at coordi-
nates N 41° 32.593′; W 07° 07.445′ (orchard 1), N 41°
32.756′; W 07° 07.590′ (orchard 2) and N 41° 29.454′; W
07° 30.398′ (orchard 3). In the selected orchards, trees were
planted with 7 × 7 m spacing and were managed following
integrated production guidelines [28]. In each orchard, 7 olive
trees of cv. Cobrançosa and 7 olive trees of cv. Verdeal
Transmontana were randomly selected, resulting in the eval-
uation of 21 olive trees from each cultivar. Apparently, healthy
branches of each tree were randomly collected with sterilized
shears and gloves, placed into sterile roll bags and brought to
the lab on ice. Plant material was stored at 4 °C up to process-
ing that occurred within the next 24 h (for epiphytes) or 72 h
(for endophytes).
Bacterial Isolation
From two different branches of each tree, around 1 g of leaves
and twigs were detached and used to isolate epiphytes and
endophytes. Leaves and twigs were separately immersed in
10 mL of peptone water (10 g/L peptone, 5 g/L sodium chlo-
ride) and shaken gently on a rotary shaker (100 rpm), for one
hour, at room temperature. Aliquots of 100 μL of the micro-
bial suspension were plated in triplicate onto Luria Bertani
(LB) agar medium (10 g/L peptone, 5 g/L yeast extract, 5 g/
L sodium chloride and 10 g/L agar) and incubated at 25 °C in
the dark until bacterial growth. Daily observations were per-
formed in order to isolate and count bacterial colonies. The
number of colonies (CFU; Colony Forming Units) present on
1 cm2 surface area of leaves/twigs was transformed to log
CFU per cm2. To estimate leaf and twig surface areas, the
ellipse (A = πabx2) and cylinder (A = 2πrh + 2πr2) equations
were respectively used, where A is the area, a and b are the
corresponding longitudinal and transverse axes of the leaf and
r and h are the radius and height of the twig segments. The
obtained average area for leaves was 39.5 ± 11.4 cm2 for cv.
Cobrançosa and 37.7 ± 13.0 for cv. Verdeal Transmontana
and for twigs was 11.0 ± 3.6 cm2 for cv. Cobrançosa and
11.0 ± 2.3 for cv. Verdeal Transmontana.
From the same plant material used to isolate epiphytes, five
segments of twigs and five leaves from each branch were
randomly selected and used to isolate endophytic bacteria.
For this, leaves and twigs were first surface-disinfected
through sequential immersion in 70% (v/v) ethanol for 1 min
and 3% (v/v) sodium hypochlorite for 1 min and then rinsed
three times (1 min each) with sterile distilled water. To ensure
the efficiency of the sterilization protocol, the surface of each
leaf and twig were imprinted onto LB agar medium. Each
fragment was cut into five pieces (ca. 5 × 5 mm), which were
then transferred to LB agar medium for allowing endophytes
growth. Altogether, in this work, a total of 4200 plant seg-
ments were used for evaluating endophytic communities,
resulting from replicates in the following experimental design:
3 orchards × 2 olive tree cultivars × 7 trees × 2 plant organs × 2
branches per tree × 5 leaves or twigs × 5 plant segments.
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Plates were incubated at 25 °C in the dark. Daily observations
were performed in order to count and isolate the bacterial
colonies growing out from the plant tissues segments.
Bacterial Identification
Bacterial isolates were first grouped by colony morphology
(color, form, elevation and edges). Two representatives of
each morphotype were selected for molecular identification
using V1-V4 regions from 16S rRNA. Genomic DNA was
extracted and purified using REDExtract-N-Amp™ Plant
PCR kit (Sigma, Poole, UK) following manufacturer instruc-
tions. The extracted genomic DNA was used as template for
V1–V4 region amplification, using the forward V1F (5′-
AGAGTTTGATCCTGGCTCAG-3′) and reverse V4R (5′-
TACNVGGGTATCTAATCC-3′) primers for 16S amplicon
region [29]. Amplifications occurred in a MyCycler™
Thermocycler (Bio-Rad) thermocycler, using 50 μL PCR re-
actions, which contained 7 μL of 10x buffer, 2.5 μL of 25mM
MgCl2, 1 μL dNTPs of 10 mM, 1 μL of each primer (10 μM),
3 μL of DNA extract and 0.25 μL of DFS-Taq DNA
Polymerase (5 U/μL) (BIORON GmbH). Cycling conditions
were 94 °C for 5 min, followed by 35 cycles of 94 °C for 50 s,
45 °C for 30 s and 72 °C for 90 s, with a final extension of
72 °C for 5 min. The amplified products were purified and
sequenced at Macrogen Inc. (Madrid). Taxonomic identifica-
tion was performed by using the NCBI database (http://www.
ncbi.nlm.nih.gov) and BLAST analysis sorted by higher
identity score and lowest E-value. For sequence identities >
98%, the genus and species were accepted; for sequence
identities between 95% and 97%, only the genus was
accepted; and for sequence identities < 95%, isolates were
labeled as ‘unknown’ bacteria [30]. Pure cultures of each
identified isolate were deposited and are preserved in the
culture collection of the Mountain Research Centre (CIMO),
Instituto Politécnico de Bragança (Portugal).
Diversity and Community Analysis
Epiphytic and endophytic bacterial diversity in each olive tree
phyllosphere was assessed by evaluating the abundance (i.e.,
relative number of isolates), richness (i.e., number of opera-
tional taxonomic units—OTUs) and diversity by computing
Simpson’s Reciprocal Index (1/D) in Species Diversity and
Richness v. 4.0 [31]. Diversity values of the entire, epiphytic
and endophytic bacterial communities associated to cvs.
Cobrançosa and Verdeal Transmontana are presented as the
mean of replicates (i.e., tree), displaying respective SE values.
Means were compared by using an analysis of variance
(ANOVA) with SPSS v. 22, and the significant differences
among means were determined by Tukey’s test (p < 0.05).
Non-metric multidimensional scaling (NMDS) was carried
out to determine the similarity in bacterial community
composition among host cultivars (i.e., Cobrançosa and
Verdeal Transmontana) and plant organ (i.e., leaves and twigs).
This analysis was performed for the entire, epiphytic and endo-
phytic bacterial communities, by using two similarity indexes.
Jaccard’s similarity index compares samples based on presence/
absence differences [32], while Bray-Curtis coefficient takes into
account not only the presence/absence of bacterial species but
also their abundance [33]. NMDS calculates a stress value
(Kruskal’s stress), which assesses how well the derived ordina-
tion fits the given dissimilarities. According to Clarke [33],
Kruskal’s stress values less than 0.2 represent plots with good
ordination. Analysis of similarity (ANOSIM) was used to deter-
mine if differences in bacterial composition among samples are
statistically significant. This analysis was performed from Bray-
Curtis distance matrices (obtained from raw abundance data)
with 999 permutations. ANOSIM generates an R-value ranging
from 0 (completely similar) to 1 (completely dissimilar) and a p
value (significant level below 0.05) [34]. Both NMDS and
ANOSIM analyses were performed by using the Community
Analysis Package v. 4.0 [35]. The relative abundance of bacterial
families that exhibited a significant (p < 0.05) differential abun-
dance across host cultivar and/or plant organ were represented in
a heatmap using the heatmap.2 function in the gplots package of
R software [36].
Indicator Value (IndVal) analysis [37] was used to identify
bacterial OTUs that are characteristic (habitat specialists) of
each host cultivar and plant organ. This method identifies
indicator species based on their specificity (i.e., uniqueness)
to a particular habitat (A) and their frequency in that habitat
(B). The IndVal values were computed by R software, using
the function multipatt from indicspecies package. Only bacte-
rial genera with significant (p < 0.05) IndVal values > 0.3 were
considered, as this latter value can be regarded as a good
threshold for habitat specialization [37].
Factors Driving Bacterial Communities in Olive Tree
Phyllosphere
A co-inertia analysis (CIA) coupled with Monte Carlo permu-
tation tests was used to determine whether epiphytic and en-
dophytic bacterial communities were similarly affected by
host cultivar and plant organ. This analysis establishes a co-
structure between sets of variables (host cultivar and plant
organ) that are linked by the same bacterial genera [38]. For
performing this analysis, the bacterial abundance (at genus
level) was used for the dudi.pca and coinertia functions in
the ade4 package [39] of R software [36]. Using the same
package, the table.value function was used to visualize the
results in a factorial map. To assess the significance of CIA
results, Monte Carlo permutation tests were used for obtaining
a RV-coefficient. This coefficient, which varies between 0 and
1, gives an indication of the correlation between two data
tables: the closer the coefficient to 1, the stronger the
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correlation between tables [40]. To estimate the proportion of
bacterial community variation explained by host cultivar and
plant organ, variation partitioning analysis was performed
with vegan package using varpart function, in R software.
The significance of each fraction was tested using the anova
function, applied on the object resulting from a previous ca-
nonical correspondence analysis (CCA) using the cca func-
tion. These analyses were performed for the entire, epiphytic
and endophytic bacterial communities.
Results
Composition and Diversity of Epiphytic
and Endophytic Bacterial Communities
A total of 421 bacterial isolates belonging to 89 bacterial op-
erational taxonomic units (OTUs) were recovered from both
leaves and twigs of olive trees from cvs. Cobrançosa and
Verdeal Transmontana (Fig. S1). A larger consortium of epi-
phytic bacteria (65 OTUs, 30 genera, 17 families, 10 orders, 7
classes and 4 phyla) was found when compared with endo-
phytic bacteria (45 OTUs, 16 genera, 12 families, 9 orders, 5
classes and 3 phyla) (Fig. S2). On average, the number of
epiphytic OTUs per tree was 1.3-fold significantly higher
(p < 0.001) than the number of endophytes (Table S1). Only
21 OTUs were shared by both bacterial communities,
representing 24.1% of the total number of identified OTUs
(Fig. S2).
Across all samples, four distinct prokaryotic phyla were
detected (Proteobacteria, Actinobacteria, Firmicutes and
Bacteroidetes), although more than 83% of total OTUs
belonged to Proteobacteria and Actinobacteria phyla (Fig.
S1). Epiphytic bacterial community was mostly composed
by members belonging to Proteobacteria phylum (60.8% of
the total epiphytic bacteria strains), mainly from
Gammaproteobacteria class (55.7%), in which the most abun-
dant order was Pseudomonadales (38.2%) (Fig. S2a). The
second most abundant phylum was Actinobacteria (22.7%)
and only included Actinomycetalesmembers, which was then
followed by Firmicutes (14.3%). The most abundant endo-
phytic bacteria also belonged to the Proteobacteria phylum
(71.6% of the total identified endophytes), 74.5% of which
were from Gammaproteobacteria class, mostly including
members of Pseudomonadales and Enterobacteriales orders
(64.6 and 34.7% of the corresponding class) (Fig. S2b). Other
taxa were represented by less than 26%.
Bacterial Diversity Differs among Host Cultivars
and Plant Organs
The bacterial abundance (relative number of isolates), richness
(number OTUs/tree) and alpha diversity (Simpson’s index)
differed significantly among olive tree cultivars, but these differ-
ences were greater for endophytes when compared with epi-
phytes (Fig. 1; Table S1). For epiphytic community, the identified
bacterial abundance and alpha diversity on cv. Verdeal
Transmontana were 1.5-fold and 1.2-fold higher (p< 0.01), re-
spectively, when compared with cv. Cobrançosa. These differ-
ences were higher for endophytes, which also presented in cv.
Verdeal Transmontana a higher abundance (up to 2.2-fold,
p < 0.01) and alpha diversity (up to 2.4-fold, p < 0.001), also
exhibiting a significantly higher richness (up to 2.8-fold,
p < 0.001) when compared with cv. Cobrançosa.
Leaves and twigs exhibited different bacterial abundances,
displaying twigs a higher abundance (up to 1.7-fold,
p < 0.001) when compared with leaves (Fig. 2; Table S1).
This increase was mostly due to an increase on the abundance
of epiphytic community (up to 1.8-fold, p < 0.001) since the
endophytic bacterial community almost remained unchanged
in both organs. In contrast, a significant reduction (1.2-fold,
p < 0.001) on the number of isolated epiphytic OTUs/tree was
detected on twigs compared with leaves, revealing a higher
representation of each OTU in twigs. In any case, no signifi-
cant differences were detected for alpha diversity in both or-
gans. The endophytic bacterial abundance, richness and diver-
sity were not significant between leaves and twigs.
The entire bacterial communities present on leaves and
twigs of cvs. Cobrançosa and Verdeal Transmontana were
significantly distinct, as indicated by non-metric multidimen-
sional scaling (NMDS) plots (Fig. 3), taking into account dif-
ferent similarity measures of bacterial communities (Bray-
Curtis coefficient and Jaccard’s similarity indexes). A clearer
separation of bacterial communities was noticeable when the
ordination was based on the Jaccard’s similarity index
(Kruskal stress = 0.14), which only considers the presence/
absence of bacterial OTUs disregarding their abundance
[32]. This was also the case of epiphytic communities
(Kruskal stress = 0.13), but not with the endophytic commu-
nity that was better discriminated when using the Bray-Curtis
coefficient (Kruskal stress = 0.14) that also considers the
abundance of each bacterial OTU. This reveals that the abun-
dance of endophytes is an important factor to take into con-
sideration for endophytic communities. Moreover, while bac-
terial epiphytes were clearly separated considering olive cul-
tivar and organ, this separation was not so well observed on
bacterial endophytes.
The analysis of similarities (ANOSIM) using Bray-Curtis
coefficients also revealed distinct bacterial communities from
cv. Cobrançosa and cv. Verdeal Transmontana (R = 0.312,
p = 0.001; Table S2). However, differences between cultivars
were greater within endophytes (R = 0.390, p = 0.001) than
within epiphytes (R = 0.207, p = 0.001) and greater in leaves
(R = 0.591, p = 0.001) than in twigs (R = 0.469, p = 0.001).
The endophytic community colonizing leaves displayed the
greatest differentiation among both cultivars (R = 0.624, p =
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0.001). These differences could be due to the enrichment of cv.
Cobrançosa on bacteria belonging to Caulobacteriaceae and
Xanthomonadaceae families, while cv. Verdeal Transmontana
was mostly inhabited by bacteria from Staphylococcaceae,
Alcaligenaceae and Paenibacillaceae families (Fig. 4a).
The composition of bacterial communities on leaves was
distinct from those on twigs (R = 0.252, p = 0.001; Table S2)
but was more dissimilar for cv. Verdeal Transmontana (R =
0.708, p = 0.001) than for cv. Cobrançosa (R = 0.357, p =
0.001). While cv. Verdeal Transmontana leaves/twigs dis-
similarities were greatest within epiphytes (R = 0.787, p =
0.001), in cv. Cobrançosa, the dissimilarities were greatest
within endophytes (R = 0.386, p = 0.001). Such differences
could mainly be due to the enrichment of twigs on bacteria
belonging to Paenibacillaceae and depletion on
Alcaligenaceae, Corynebacterineae and Staphylococcaceae,
when compared with leaves. Depending on its epiphytic or
endophytic plant habitat, Microbacteriaceae and
Caulobacteriaceae bacterial abundance also contributed to
leaves/twigs dissimilarities (Fig. 4b).
Bacterial Composition Is Primarily Shaped by Host
Cultivar and Then by Plant Organ
For testing the relationships between bacterial communi-
ties and host cultivars or plant organs, in order to assess
whether epiphytic and endophytic bacterial communities
were similarly influenced by both variables, a co-inertia
analysis was performed. The plant habitat (i.e., internal
and external plant tissues) revealed to influence the struc-
ture of the entire bacterial community (RV = 0.901; p =
0.002), explaining 5.0% of the variation in their compo-
sition (Table S3). The results also showed that epiphytic
and endophytic bacterial communities were similarly af-
fected by host cultivar (RV = 0.847, p = 0.002 and RV =
0.966, p = 0.003, respectively) but differently influenced
by plant organ. Indeed, higher significant co-inertia coef-
ficients were found for epiphytic (RV = 0.931, p = 0.003)
when compared with endophytic (RV = 0.739, p = 0.003)
bacterial communities regarding plant organs. The propor-
tion of variation in bacterial communities that could be
Fig. 1 Comparison of epiphytic, endophytic and whole bacterial
communities between Cobrançosa and Verdeal Transmontana cultivars
regarding their abundance (relative abundance per tree), richness (number
of OTUs/tree) and alpha diversity (Simpson’s index). Box plots depict
medians (central horizontal lines), the inter-quartile ranges (boxes), 95%
confidence intervals (whiskers) and outliers (dots). Significant differences
between pairs of values are showed over horizontal lines. (n.s. not
significant)
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explained by host cultivar or plant organ factors, as eval-
uated by a variation partitioning analysis, corroborated
these results. While host cultivar accounted for an almost
similar variation on epiphytic (7.7%, p = 0.005) and en-
dophytic (8.0%, p = 0.005) bacterial communities, the
plant organ only explained 2.2% (p = 0.005) of the endo-
phytic bacterial composition variation in contrast with
6.3% (p = 0.005) of epiphytic variation (Table S3). Co-
inertia analysis also revealed that the bacterial genera
that contributed most to bacterial communities distinction
in different plant organs were Staphylococcus (within
epiphytes) and Ochrobactrum (within endophytes),
which were linked with leaves (Fig. 5). Curtobacterium
(within epiphytes) and Brevundimonas (within endo-
phytes) were positively correlated with twigs. Host plant
cultivars were mostly differentiated by epiphytes belong-
ing to Frondihabitans and Xanthomonas genera, which
were related with cv. Cobrançosa and cv. Verdeal
Transmontana, respectively.
Habitat Specialists Are Present
in Phyllosphere-Associated Bacterial Communities
An indicator species analysis was carried out in order to identify
the characteristic bacterial OTUs from a specific habitat type (i.e.,
host cultivar and plant organ). In total, 42 bacterial OTUs (out of
89 OTUs, 47.2%) displayed significant (IndVal > 0.3, p< 0.05)
habitat preference, being 23 epiphytes and 19 endophytes
(Table S4).Most of these indicator species were present in leaves
[cv. Cobrançosa (12) and cv. Verdeal Transmontana leaves
(17)], contrasting with those present in twigs [cv. Cobrançosa
(4) and cv. Verdeal Transmontana leaves (9)]. The best indicator
bacterial OTUs of cv. Cobrançosa (IndVal> 0.7) were the epi-
phytes Bacillus megaterium, Bacillus subtilis, Curtobacterium
oceanosedimentum and Pantoea vagans and the endophytes
Pseudomonas aeruginosa, Pseudomonas graminis and
Brevundimonas sp. Concerning the cv. Verdeal Transmontana,
the best indicator species were the epiphytes Pseudomonas poae,
Bacillus cereus, Erwinia olea, Erwinia aphidicola,
Fig. 2 Comparison of epiphytic, endophytic and whole bacterial
communities in leaves and twigs regarding their abundance (relative
abundance per tree), richness (number of OTUs/tree) and alpha
diversity (Simpson’s index). Box plots depict medians (central
horizontal lines), the inter-quartile ranges (boxes), 95% confidence
intervals (whiskers) and outliers (dots). Significant differences between
pairs of values are showed over horizontal lines. (n.s. not significant)
Mina D. et al.
Curtobacterium herbarum, Pseudomonas lutea and
Pseudomonas septica and the endophytes Pantoea vagans,
Pantoea brenneri and seven Pseudomonas OTUs.
Discussion
Olive trees are highly adapted to low water availability and
increased temperature conditions [41]. Their survival ability
could be partially related with a significant reservoir of bene-
ficial microorganisms on their phyllosphere. Our results based
on culture-dependent method revealed that olive trees grow-
ing in the Mediterranean region, where drought conditions are
usual and are even becomingmore prevalent, are colonized on
the phyllosphere by bacterial members belonging to four phy-
la. Proteobacteria (in particularGammaproteobacteria class),
followed by Actinobacteria and Firmicutes, were the most
diverse and abundant phyla, while the presence of bacteria
belonging to Bacteriodetes phylum was scarce. Although
culture-dependent diversity survey presented lower coverage
than culture-independent methods [42], our findings with re-
gard to the most dominant phyla are consistent with those of
earlier studies of phyllosphere in the Mediterranean region.
For example, Müller et al. [27] have similarly found a high
abundance of members belonging to Proteobacteria,
Actinobacteria and Firmicutes phyla in the endosphere of ol-
ive leaves collected from different Mediterranean locations.
When analyzing the epiphytic leaf community of chestnuts
[43] and other perennial species [45] of the Mediterranean
region, a predominance of Proteobacteria, Actinobacteria
and Firmicutes was similarly observed. All these studies have
focused on endophytes, ignoring the epiphytes, or vice-versa.
Members of detected phyla, in particular of Actinobacteria
and Firmicutes, often prevail in arid environments [46–48]
due to their ability to resist to UV-radiation and desiccation
[49]. Their resistance has beenmostly attributed to their ability
to produce photoprotective pigments [50] and to repair UV-
damages through multiple mechanisms [51]. In addition, their
ability to produce spores allows their survival in harsh envi-
ronmental conditions [52]. Hence, these features displayed by
bacteria inhabiting the olive tree phyllosphere are likely to
increase their resilience and to help the host plant to cope with
abiotic stresses associated to Mediterranean climate. Indeed,
the microorganisms are thought to have an influential role in
governing key bioprocesses under extreme conditions [46].
For example, the phyllospheric bacteria have already been
Fig. 3 Non-metric multidimensional scale (NMDS) plots corresponding
to the clustering of epiphytic, endophytic and whole bacterial
communities. Cluster analysis was performed with two different
community similarity measures, namely, Bray-Curtis coefficient (raw
abundance data) and Jaccard’s index (binary data). Bacterial
communities from different olive tree cultivar (Cobrançosa or Verdeal-
Transmontana) and plant organ (leaves or twigs) are represented by
different colors/shapes
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reported to protect the host plant from drought and high tem-
perature [53], which are considered serious abiotic stresses of
crop plants in the Mediterranean region.
In this work, the olive plant habitat (internal vs. external
plant tissues) revealed to be determinant for the bacterial com-
munity structure, as described previously for other plant spe-
cies, such as Quercus ilex [54], and other non-perennial or
Mediterranean species [8, 14]. Differences on nutrients and/
or environmental conditions between internal and external
olive tree tissues could have influenced the selection of spe-
cific bacterial OTUs, giving rise to different bacterial commu-
nities within epiphytes and endophytes. In particular, a greater
abundance of Actinobacteria and the exclusive presence of
Bacteroidetes were observed within epiphytes as compared
with endophytes colonizing the olive tree phyllosphere. This
effect has been previously observed in the phyllosphere of
several plant species [55, 56]. The greater exposition to envi-
ronmental conditions on the surface of olive leaves/twigs, as
compared with internal plant tissues, could explain the domi-
nance of bacterial members belonging to resistant phyla to
desiccation and radiation within the epiphytic communities.
As the Mediterranean regions are expected to be heavily
impacted by climate change [57], the elucidation of bac-
terial taxa function in internal and external tissues of
olive tree phyllosphere would be important to delineate
future lines of action.
The diversity and composition of the entire bacterial com-
munity inhabiting the olive tree phyllosphere was significantly
different between host genotypes (at cultivar level), suggesting
a degree of host control over bacterial communities. Since the
surveyed olive cultivars are growing close to one another and
with the same management practices, the differences found on
bacterial diversity and composition among cultivars are most
probably related to differences on chemical/physical properties
of both surveyed cultivars. Indeed, leaves of cvs. Cobrançosa
and Verdeal Transmontana have already revealed differences
on several physical and chemical parameters [58–60], and such
features have long been considered to influence phyllospheric
bacterial colonization [2, 61–63]. Thus, each olive tree cultivar
apparently displays specific traits that govern phyllosphere-
associated microbial assembly, as verified on olive fungal com-
munity by Gomes et al. [64]. This is consistent with other
studies performed on bacterial communities associated to the
phyllosphere of coffee [65] and cotton [66]. Additionally, our
results suggest that host plant probably has more control over
colonization of internal than of external tissues. Specific plant
genotype traits, such as defense compounds production, have
already been showed to act as habitat filters by influencing the
establishment of microbial species within plant tissue [67]. The
slightly low influence of host cultivar on epiphytic community
composition may be related to the higher susceptibility of epi-
phytes to environmental factors when compared with
Fig. 4 Relative abundance of bacterial families (and respective phyla) of
epiphytes and endophytes present in leaves and twigs of olive tree cv.
Cobrançosa and cv. Verdeal-Transmontana. (a) Relative abundance of
bacterial families; (b) Relative abundance of bacterial families that
exhibited significant (p < 0.05) differential abundance across host
cultivar and plant organ. In b, displayed differences were only detected
on epiphytic or on endophytic environment, not on both
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endophytes, as previously observed for fungal community
inhabiting the olive tree phyllosphere [26].
The plant organ (leaves vs. twigs) was found to significant-
ly affect the composition of bacterial communities in the olive
tree phyllosphere, as reported in previous studies for other
plant species, like Coffea arabica [65], Pinus flexilis [9] or
Populus [68]. This effect was greater within the epiphytic than
within the endophytic bacterial communities, which could be
related with the greater differences between leaves and twigs
on their surfaces, when compared with the internal plant
Fig. 5 Co-inertia factorial map of (a) epiphytic and (b) endophytic olive
tree bacterial communities, presenting positive (filled square) and
negative (open square) relationships with cultivars (Cobrançosa vs.
Verdeal-Transmontana) and plant organs (leaves vs. twigs). The square
size indicates the degree of relatedness between variables (host cultivar or
plant organ) and bacterial community. Underlined genera are exclusive
from each community
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tissues. Indeed, the surface of both olive organs differ greatly
on morphological traits and microenvironmental conditions
[69], which were already known to influence the bacterial
colonization of phyllosphere [63]. In comparison with twigs,
olive leaves are exposed to more radiation and subjected to
more desiccation, which are detrimental factors for bacterial
colonization of leaf surfaces [7]. The higher abundance of
bacterial epiphytes observed in twigs than in leaves support
our hypothesis. In contrast, the reduced effect of plant organ
on endophytic assemblage is probably due to the similarities
of endospheric environment among leaves and twigs.
The bacterial specificity in each olive tree organ was found
to be dependent on host cultivar. In cv. Verdeal Transmontana,
bacterial epiphytes exhibited a higher degree of organ speci-
ficity than endophytes, while, in cv. Cobrançosa, the opposite
was observed. This differential colonization patterns may be
related to the variations on the physical (biometric measure-
ments [59]) and chemical (flavonoid compounds, fatty acid
profiles and plant volatiles [58–60]) features detected in both
cultivars. Therefore, each host cultivar seems to have its own
foliar/twig features, which would select for specific epiphytic/
endophytic bacterial communities. This hypothesis is corrob-
orated by the high number of bacterial genera that were found
to be positively associated with a specific cultivar/plant organ.
Similarly, a high number of bacterial OTUs (at species level)
that could be considered as specialists of one specific cultivar/
plant organ (i.e., that prefer one specific host cultivar) was
found. Regarding the host cultivar, the number of bacterial
OTUs characteristic of cv. Verdeal Transmontana was higher
(26) than that of cv. Cobrançosa (16), suggesting a stronger
effect of the former cultivar in selecting specific bacteria. The
bacterial recruitment by plant has been mostly described for
the rhizosphere [70, 71], while studies reporting phyllosphere
selection are still lacking. From our findings, the bacterial
recruitment occurring in the phyllosphere seems to be mainly
affected by the host genotype, both for epiphytes or endo-
phytes selection.
The phyllosphere of both cultivars seem to recruit a greater
number of beneficial rather than pathogenic bacterial OTUs.
This finding is in accordance with previous studies that
showed a higher recruitment of beneficial microbes by the
plant to obtain the maximum mutualistic benefits, not only
under standard but also under stressful conditions [7, 71].
Indeed, most of the indicator bacteria of cv. Verdeal
Transmontana comprise common plant beneficial members
reported to have potential (i) to increase host resistance to
climatic stresses (P. frederiksbergensis [72]), (ii) to improve
plant growth (Curtobacterium herbarum [73]; P. lutea [74])
and (iii) to control a broad range of plant pathogens (Pantoea
vagans [75, 76]; Bacillus cereus [77];Pseudomonas orientalis
[78]). Associated to this cultivar, several members of the fluo-
rescent Pseudomonas genus (P. poae, P. baetica, P. congelans,
P. fluorescens and P. mandelii) were also found, which have
been reported to control several plant pathogens [79].
Cobrançosa cultivar had also several associated isolates de-
scribed as potential antagonists of phytopathogens, such as
Bacillus megaterium [80], Bacillus subtilis [81], Pantoea
vagans [82] and Pseudomonas graminis [83]. Other isolates
associated toCobrançosa cultivar have been described to pro-
tect plants on stressful environments (Curtobacterium
oceanosedimentum [84]). In contrast, microorganisms de-
scribed as plant pathogens were detected on cv. Cobrançosa
(Pseudomonas aeruginosa [85]). Future investigations should
be conducted targeting on the ecological roles of these bacte-
rial specialists in Mediterranean ecosystems.
In conclusion, in this work, the bacterial communities of
olive tree phyllosphere revealed to be primarily impacted by
host cultivar and, to a lesser extent, by plant organ. However,
while host cultivar affects in a similar way the composition of
endophytic and epiphytic bacterial community, the plant or-
gan has greater influence on epiphytic than on endophytic
bacterial community structure. Each olive cultivar/plant organ
apparently was selective towards specific bacterial OTUs. The
ecological roles of these bacteria need to be studied in the
future because they might be important in supporting olive
tree survival in Mediterranean regions. The host specificity
demonstrated in this study also suggested that the benefits
derived from the plant–bacteria interaction should be consid-
ered at genetic levels below the species.
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